INTRODUCTION
Pseudomonas aeruginosa is a Gram-negative bacterium that causes opportunistic infections in immunocompromised patients and exhibits natural and acquired resistance to diverse antibiotics (Nakae, 1997) . The analysis of the genome sequence of this bacterium has revealed the existence of 12 potential resistance-nodulation-cell division (RND) efflux systems (Stover et al., 2000) , 11 of which have been biochemically described (Aendekerk et al., 2002; Aires et al., 1999; Chuanchuen et al., 2002; Hassan et al., 1999; Kohler et al., 1997; Kumar and Schweizer, 2005; Mima et al., 2005 Mima et al., , 2007 Poole et al., 1993 Poole et al., , 1996 . Among these, the MexAB-OprM efflux system is the only one being constitutively produced in wild-type strains (Nakajima et al., 2002) . The operon is controlled by a transcription regulator MexR. The first gene of each operon encodes MexA (MW 38,592 Da/monomer) a periplasmic membrane fusion protein (MFP); the second encodes MexB (MW 112,790 Da/monomer), a cytoplasmic membrane RND protein presumed to act as a drug-proton antiporter; and the third gene encodes OprM (MW 50,867 Da/monomer), an outer membrane channel-forming factor (OMF). All three proteins are believed to form a complex channel that goes across both membranes and allows the extrusion of drugs directly into the extracellular medium (Mokhonov et al., 2004; Tikhonova et al., 2002; Zgurskaya and Nikaido, 2000) , bypassing the periplasmic space. Whereas OprM can function with different RND transporter/MFP complexes from P. aeruginosa, other outer membrane proteins such as OprN are more discriminative and do not interact with MexAB (Maseda et al., 2000) although sharing 48% amino acid sequence homology with OprM. The most similar homolog of the MexAB-OprM efflux system is the extensively studied AcrAB-TolC system (Okusu et al., 1996) found in Escherichia coli, which is also involved in multiple antimicrobial resistance through an energydependent efflux mechanism (Fralick, 1996) . One other homologous porin from vibrio cholerae is the VceC from VceABC system, for which only the VceC crystal structure has been solved (Federici et al., 2005) .
The sequence identity between MexA-MexB-OprM and AcrAAcrB-TolC are 55%, 69%, and 19%, respectively. The X-ray structures of the three components of the E. coli pump have already been determined. Four structures have been published for the homotrimer TolC (Koronakis et al., 2000; Higgins et al., 2004; Bavro et al., 2008) , one for AcrA (Mikolosko et al., 2006) and more than 20 for AcrB (Murakami et al., 2002 (Murakami et al., , 2006 Yu et al., 2003 Yu et al., , 2005 Su et al., 2006; Seeger et al., 2006; Sennhauser et al., 2007; Das et al., 2007; Tö rnroth-Horsefield et al., 2007; Drew et al., 2008; Veesler et al., 2008) . The AcrB protein also forms a homotrimer that corresponds to the functional unit (Murakami et al., 2004) . The first structures of AcrB were determined in space groups in which the three monomers were linked by internal three-fold crystallographic symmetry. Those constrained structures could not help explaining the mechanism of the pump. Only when the nonsymmetrical structure of Murakami and Seeger was published in 2006 (Murakami et al., 2006) could they visualize the differences among the three monomers, leading to the peristaltic pump mechanism concept.
Here, we report a new OprM X-ray structure that, in contrast to the previously published one by Akama et al. (2004) , does not present internal crystallographic symmetry, thereby allowing us to build each protomer independently and highlight subtle differences between each protomer within the trimer. The relatively low thermal factor of this OprM structure allowed us to observe most of the first hydration layer, inside and outside the channel.
As observed for TolC, the crystal structure of OprM shows a closed channel within the protein. Mutagenesis, coupled to functional assays based on electrophysiology measurements, have allowed depicting key residues for maintaining the closed state (Andersen et al., 2002) , but at present, no study has ever been able to give strong evidence demonstrating the periplasmic opening mechanism. We assumed that in silico molecular modeling would offer the possibility of exploring the dynamics of the residues implicated in the opening. In this context, normal mode analysis (NMA) already proved to be a powerful and relevant tool: trajectories along low-frequency modes give insights into large conformational changes occurring within large proteins. Using our OprM high-resolution X-ray structure coordinates, we have indeed successfully identified normal modes liable to describe the periplasmic opening of the protein. Importantly, in contrast to other in silico studies, for which mutants were required to simulate open structures, the opening mechanism presented here is obtained for the wild-type forms of OprM and TolC. Hence, besides a high-resolution structure of OprM, this study yields new insights in the OprM protein gating and enlightens subtle differences that exist between TolC and OprM.
RESULTS AND DISCUSSION

Structure of the Trimer of OprM Not Constrained by a Three-Fold Symmetry Axis and Comparison with TolC
Here we present the crystal structure of OprM homotrimer in P2 1 2 1 2 1 space group without three-fold crystal symmetry at a resolution of 2.4 Å . Phases were solved by molecular replacement with the previously published OprM structure Protein Data Bank [PDB] code 1WP1), using a polyalanine model in order to reveal potential differences among the three monomers. Probably due to high flexibility, the electron density of each monomer is missing the 13 residues at the C terminus.
Structural comparison of OprM with TolC (Koronakis et al., 2000) (Figure 1 ) shows similar folding (root-mean-square deviation [rmsd] of 1.6 Å calculated from C-a) in spite of a relatively low sequence identity (19%) (Figure 2) . A common gene duplication concerning this porin family is suggested by a structural repeat of a two-stranded b sheet and a coiled-coil a-helical pair, within one monomer. In OprM, the N-terminal half (residues 61 to 239, Figure 1 numbering) and the C-terminal half (residues 273 to 447) can be aligned with a sequence identity of 22% and superposed with an rmsd calculated using C-a of 3.3 Å . The a-helical pair H7/H8 of the C-terminal half presents an additional kink at A375 in OprM as opposed to its counterpart, the a-helical pair H3/H4 of the N-terminal half. This kink only appears as a more pronounced curvature change in H7 of TolC. This difference may suggest a functional implication as a hinge region during the opening mechanism of the channel, as will be discussed along normal modes analysis.
The topology of the equatorial domains of OprM and TolC is quite different and does not show a duplication of a structural pattern. Common features are two a helices (H1 and H5 in Figure 1 ) and a large loop between H4 and H5 implicated in the recruitment of the MFP partner (Yamanaka et al., 2007) . It also has to be noticed that the two helices, h2-OprM and H9-TolC, are at the same exact location (Figure 1 ).
In agreement with a low single-channel conductance in planar lipid bilayer experiments (Wong and Hancock, 2000) , the native structures of OprM and TolC reveal a common closed state. It probably corresponds to the most stable conformation of this porin family in the absence of the other proteins of the pump or ligand. This closed state concerns the periplasmic entrance as well as the b-barrel exit side. Indeed, accessible diameters at the exit side, delimited by extracellular loops, are 3 Å for OprM at T105 and 6 Å for TolC at G271 (Figure 3 ). Yet the opening needs to be larger than 10 Å for the traffic of molecules such as antibiotics. OprM also presents a constriction formed by a triplet of leucine (L412) in van der Waals contacts, whereas the diameter of the TolC entrance is minimum (4 Å diameter) at the G365 level.
The periplasmic entrance commonly shows a constriction formed by the two a-helical coiled-coils H7/H8 called ''inner coiled-coil'' from each monomer. The other coiled-coil formed by H3/H4 is called the ''outer coiled-coil.'' According to an electrophysiological and mutagenesis analysis of TolC (Andersen et al., 2002; Bavro et al., 2008) , one hydrogen bond between the inner and outer coiled-coil has been shown to be essential to maintain periplasmic entrance in closed conformation. It involves a highly conserved tyrosine localized on the inner coiled-coil, establishing hydrogen bond with an acidic residue localized on the outer coiled-coil (Y404-D205 in OprM and Y362-D153 in TolC, as shown in Figure 3 ). Disruption of these key interactions and opening of the porin probably involves interaction and energy from its RND and MFP partners.
Contrary to previous results , the present structure of OprM has a relatively low thermal factor ( < 31.6 Å 2 ) that allowed us to localize 543 water molecules of the first hydration layer, outside as well as inside the channel, the distribution of which being different in each monomer. None of the detergent molecules has been observed in the electron density. This asymmetric water network, in particular inside the pore, could participate in substrates trafficking, but no clear pathway could be detected although some chains comprise more than five water molecules.
In contrast to the homotrimer AcrB (RND partner) where crystal structures in nonsymmetrical space group revealed different conformations between monomers (Murakami et al., 2006; Seeger et al., 2006) suggesting a peristaltic efflux system, there is very little difference between monomers of OprM or TolC. Nevertheless, we observed some local differences between monomers in the case of OprM that exclusively concern polar side chains (rmsd from 2.5 to 4 Å ). These residues are R98, K187, R194, N245, R311, R341, K391, K402, R405 (the only amino acid involved in a salt bridge), and N410 ( Figure 4 ). For four of them the differences may be attributed to either a high temperature factor (R98, R311, R341) or a poorly structured region (N245). The other five residues are localized at the periplasmic entrance, with a relatively low thermal motion. Moreover, functional studies of TolC mutants suggest that some of these residues could be key residues involved in interaction of OprM with its RND partner. According to in vitro experiment (Stegmeier et al., 2006) , mutated OprM can replace TolC into a ''AcrABOprM'' efflux system supporting a detailed comparison between the two proteins. Superimposition of structures shows R194 from OprM to be at the same location than Q142 in TolC, a key residue allowing mutated TolC to function with MexAB (Bokma et al., 2006) . R405 in OprM corresponds to the key residue S363 in TolC, involved in the interaction with AcrA (Lobedanz et al., 2007) .
Opening Mechanism of OprM through Normal Mode Analysis
In our OprM structure, like in the previously determined one, the porin domain is closed at both ends. The fact that the cavity is closed at the exit side (extracellular part) is plausible since ground state of OprM should not allow access of xenobiotics to the interior of the cell.
Therefore, opening of the porin must occur during drug transport and probably implicates different movements such as an iris-like mechanism, as postulated by Koronakis et al. (2000) . Such a mechanism has recently been highlighted by mutagenesis experiments and by the determination of a crystal structure of TolC in its partially open state (Andersen et al., 2002; Bavro et al., 2008 ). The first model for the opening suggested that only the distal inner a-helical tips are implicated in the iris-like motion (Sharff et al., 2001) . Recent molecular dynamic studies of TolC and OprM have predicted that the mechanism could be more complex, in particular with the movement of the complete protein and the rearrangement of extracellular loops (Vaccaro et al., 2008) . However, there is neither a model for the final open state of this porin family nor a description for the external way-out opening of the channel, so the transition mechanism remains to be understood.
Recently, NMA has been used to efficiently analyze membrane channels or transporters such as the mechanosensitive channel MscL (Valadié et al., 2003) , the nicotinic receptor nAChR (Taly et al., 2005; Taly et al., 2006) , the calcium-ATPase transporter SERCA1a (Reuter et al., 2003) , and the FecA transporter (Sen et al., 2008) . More generally it was previously shown that many protein conformational transitions documented in the PDB could be described by a few low-frequency normal modes (Krebs et al., 2002; Tama and Sanejouand, 2001) . We investigated the conformational transition to the open state of OprM by NMA using the elastic network model first developed by Tirion (1996) . Normal mode analysis used here includes several approximations such as the absence of solvent, the absence of membrane, and a simplified force field. However, this method allows simulating motions trajectories and leads to collective and biologically relevant motions without requiring time-consuming computations to integrate Newton equations as in molecular dynamics simulations. Drawing generated by the program ESPript (Gouet et al., 1999) . Alpha helices are indicated as a and beta strands as b.
Here we deformed the initial crystal structure of OprM along selected modes to produce new structures and propose a model for the open state. For each mode, the applied movement amplitude corresponds to an rmsd value of 8 Å between the initial and the distorted structure because it produces realistic deformation with the highest amplitude. The choice of the 8 Å limit was governed by the expected amplitude (upper value of 10 Å ) of the aperture of the pore. In addition, the final structures were further regularized by energy minimization using an all-atom force field. Accordingly, the open models can be discussed in detail.
Description of the Relevant Modes
Leading to the Open State of OprM Among the 100 lowest modes generated and analyzed, only two symmetrical modes lead to a plausible opening of the porin: a ''twist'' (mode number 9) and a ''spring-like'' extension (mode number 14) ( Figure 5 ). The other modes correspond to asymmetric displacements that involve motion of two monomers with respect to the third one and swing or local motions that are beside our point. In the two relevant modes, the motions of protomers are mostly symmetrical, reflecting the trimeric structure of OprM, even though the slight differences among the three monomers in the initial structure are magnified in the final open states. In addition, the profiles of displacement of each selected mode fit well with the B-factors fluctuation of OprM P2 1 2 1 2 1 crystal structure (see Figure S1 available online). i) Twist mode (mode 9) In this mode, the a-helix domains ( Figure 5 ) clearly move in a concerted manner, with a hinge region at the interface of the upper and lower a-domains. When observed along the axis of the porin domain from the lumen side, the twist movement can be related to an iris-like aperture leading to an enlargement of 2 Å in diameter for the outer coiled-coil and an enlargement of only 1 Å in diameter for the inner coiled-coil. In this final position, there is a strong hydrogen bond joining the monomers two by two. This interaction involves the key residues R419 from one monomer and D416 from another one, keeping the inner coiled-coils in a close position. Concerning the opposite side, identical and synchronized twist motion of the a-barrel domain from each protomer contributes to a rotation of all the b-barrel and the extracellular loops, which enlarges the lumen side of the pore from $3 Å to $10 Å . As a proof of its hinge role, the diameter of the equatorial domain is kept equal during the complete movement (see Movie S1 in Supplemental Information). ii) Spring-like Movement (mode 14) This mode ( Figure 5 ) amplifies the difference among the three monomers, especially at both ends of the porin domain, with the difference between the extremities of the outer coiled-coil reaching 2.5 Å between two adjacent molecules. The upper a-domain extends as a spring along the axis of each helix. This motion is accompanied by a tilt of the helices in the coiled-coil domain and of the strands of the b-barrel. When observed along the axis of the porin domain, this movement results in an apparent rotation of the two extremities in the same direction contrarily to the twist mode motion. The block formed by the equatorial added to the a-barrel domain rotates the other way around. When observed perpendicular to the pore axis, the motion is similar to a ''breathing'' that is accompanied by a reduction of the diameter of the pore by 4 Å in the extension movement and an enlargement by 5 Å during the compression. The movement of the b-barrel contributes very weakly to the lumen side opening when compared with the twist mode, enlarging the pore by only 6 Å . Concerning the entrance, the inner coiled-coils are kept in a close position as for the twist mode. iii) Combination of the Two Modes Each mode matches with an iris-like opening mechanism. Twist motion on both sides, with a supplementary spring-like (expansion-compression) motion for mode 14, characterizes these deformations. It also shows a shift of the extracellular loops required for the opening and therefore the efflux of substrates at the b-barrel side, but none of the two modes by itself allows opening of the periplasmic entrance of the channel. Therefore, we decided to combine appropriately these two modes (see Experimental Procedures) and obtained an open state of the porin domain ( Figure 5 ). Using the morphing method (Krebs and Gerstein, 2000) , a pathway is proposed for the complete aperture (see Movie S2 in Supplemental Information).
The global opening is obtained through a strong swing of the coiled-coils domain. The hinge region is localized just below the equatorial domain and includes the a-helix kink localized at A375, in the long H7 helix. This movement leads to a repositioning of the coiled-coil domain part of the H7 helix that abolishes the kink. With the present imposed amplitude, the final opening diameter at the periplasmic entrance reaches $7 Å . It could be easily increased if the inner coiled-coil movement is prolonged along its displacement vector (i.e., supplemental energy is provided). Thus, the complete opening of the pore can easily be achieved by the realignment of all the helices that leads to an opening as large as the equatorial domain ($27 Å ).
Extension of NMA Analysis to TolC and Comparison with OprM
Following the same procedure, a model for TolC open state was built up along two NMA modes supporting the iris-like mechanism at the periplasmic entrance. Following the OprM modeling, it also reveals a twist mode (mode 11), but the second mode (mode 19) differs from the OprM spring-like mode 14. The only resemblance lies in an apparent rotation of the two extremities in the same direction. In this motion, the extracellular loops collapse similarly to the molecular dynamics (MD) simulation performed on TolC by Vaccaro et al. (2008) . However, in contrast to MD study, in which the pore radius decreases all along the structure, the NMA combination of motions allows pore opening. Moreover, in our modeled structure, the overall prism shape conformation of the b-barrel obtained in MD is now rounded.
In spite of a similar fold, the opening mechanism of OprM and TolC presents some differences. i) One remarkable difference concerns the gating of the extracellular loop (residues P100 to P109 in OprM and residues S264 to Q273 in TolC) that adopts a drift motion in OprM and a valve-like movement in the spring-like mode of TolC. Based on sequence alignment, this loop corresponds to an insertion in TolC that requires a larger motion for the aperture to be accomplished; ii) the second notable difference is the aperture of the equatorial domain that is almost constant during all the motion in TolC contrary to OprM for which it is submitted to a ''breathing'' motion (vide supra). This is due to the absence of extension movement in TolC. It has to be noticed that 9 salt bridges are present in the equatorial domain of TolC against 3 for OprM (see Figure 3) . Consequently, the equatorial domain behaves as a hinge for the global opening mechanism in the present NMA as observed for the mutant Y362F-R367D-TolC with MD simulations (Schulz and Kleinekathofer, 2009) .
In OprM, hinges are rather located below the equatorial domain and include the kink (A375) from H7 helix. iii) Another difference is in the amplitude of each side aperture. In TolC the b-barrel enlargement is much higher than that of the periplasmic entrance, whereas for OprM both sides enlarge almost equally. Consequently, the inner volume of the open duct resembles a cylinder for OprM and a funnel with the larger diameter at the extracellular exit for TolC. This inner accessible volume is increased by more than 30% by the opening for both proteins. 
. Differences within the OprM Homotrimer
One monomer of OprM from the structure solved in the P2 1 2 1 2 1 space group is presented in ribbon representation and colored according to B factors. Blow-up corresponds to lateral chains of each superimposed monomer (colored in red, yellow, and blue) for residues with rmsd upper 2.5 Å .
Evolution of the Key Locking Residues
The overall motion for OprM and TolC is similar. For both, the hindrance to opening is due to H8 helix. When comparing the closed and open states, it clearly appears a putative binding groove involving H8 helix for the coiledcoil of the MFP protein (i.e., MexA or AcrA) as highlighted by the mutated R367E-Y362F-TolC structure (Bavro et al., 2008) . This TolC double mutation is necessary to increase E. coli sensitivity to vancomycin. Another double mutant of TolC (R367S-D153A) leading to the abrogation of the same hydrogen bond resulted in an increase in conductance from 80 pS to 1000 pS (Andersen et al., 2002) . These three residues are involved in a hydrogen bond network and form intra-or intermonomer links.
In the case of TolC this hydrogen bond network is intermolecular, whereas for OprM it connects residues from the inner and the outer coiled-coils from the same monomer. The intermonomer link between H8 and an adjacent monomer is performed in OprM via a salt bridge between R419 and D416. This salt bridge required large energy (NMA amplitude) to be broken in the final structure. For TolC, this salt bridge is not present. The position D416 in OprM is occupied by residue D374, (Higgins et al., 2004) in TolC. Interestingly, when the coiled-coils are cross-linked between D374 of adjacent monomers, TolC dependent export is abolished (Eswaran et al., 2003) . This clearly highlights the importance of this key residue.
The superimposition of the two open structures shows that the axis of the H7 helix of each protein are superposed all along the coiled-coil domain up to D416/OprM, which reinforces the hypothesis that this residue all together with R419/OprM is one of the most important clue locking residues. Some mutagenesis experiments would be necessary to really prove the role of those residues in the opening mechanism.
In summary, the opening mechanism proposed here gives for the first time, a model for the open state for OprM. In addition, it complements and refines previous opening models proposed for TolC. It shows that OprM or TolC gating can be easily reached by combining two major motion directions. In silico previous studies (Vaccaro et al., 2008) failed to reach an open state for the TolC wild-type, even if principal directions deduced from essential dynamics were used to drive to the Koronakis's open structural model. Open state was only obtained when mutants were considered. In the present structures, besides the well-known iris-like mechanism, kink in a helices play an important role along the gating. Such a role was also suggested in gating mechanisms of MscS, for instance (Akitake et al., 2007) , even though the environment of the helical bundle is different.
Conclusion and Perspective
We present in this article a three-dimensional structure of OprM at 2.4 Å resolution in the P2 1 2 1 2 1 space group for which the three monomers forming the pore are not linked by a crystallographic three-fold axis. This highlighted some structural differences among the three monomers, some of them being located on amino acids shown to be involved in the architecture of the pump. Nevertheless, as for the R32 space group structure of OprM determined by Akama et al. (2004) , the pore is closed at both ends, avoiding any efflux. The good quality of electron density and the low thermal factors of our model led us to explore its conformational space using the NMA based on the elastic network model. A wide opening of the extracellular exit channel was observed in the first modes but the periplasmic entrance remained closed. Finally, the combination of two opening modes led to the complete opening of both ends, with a final aperture consistent with the dimensions of the expelled molecules. The same analysis was performed from the TolC X-ray structure for comparison, bringing out some differences in the comportment of the two pumps. Nevertheless, the global aperture of the two proteins is very similar. It shows that opening mechanism concerns both ends of the porin domain and implicates deformation of the complete protein instead of the coiled-coil tips. The transition from closed to open state could be realized in two Figure S1 and Movies S1 and S2. steps: one that needs the supply of energy, and the second that is more passive. The first part of the movement leads to the opening of the coiled-coils domain mediated by the two partners in an irislike motion, followed by an alignment of the axis of the a-barrel domain helices. In the second part of the motion, the alignment of the helices drives the twist of the b-barrel with a final aperture of the extracellular loops.
Mutagenesis experiments performed with TolC showed the importance of key residues and emphasize the importance of some of the hydrogen bonds. It is especially true for R419-D416 (OprM) from adjacent monomers, which are localized at the same location as the triplet of D374/TolC, the later locking the pore as proved by cross-link experiments. This salt bridge required increasing the amplitude limit in the NMA calculation, i.e., supplemental energy, to be broken. The conjugation of X-ray structure and NMA fit together to give a plausible overview of the opening mechanism of the outer-membrane duct of the efflux pump.
EXPERIMENTAL PROCEDURES
Cloning, Expression, and Purification A protocol based on the heterologous expression of OprM cloned in pET28a and pET28b vectors (Novagen) has been previously designed in our laboratory (Charbonnier et al., 2001) . However the purified protein, produced in inclusion body and subsequently refolded, could not be crystallized. Hence, we have resorted to another production protocol based on the L-arabinose inducible expression vector pBAD33-GFPuv (Bohn et al., 2002; H.B., Blight, M.A., and Holland, I.B., unpublished data) . This alternative strategy takes advantage of a weaker induction potency and hence to a decreasing of the anarchistic expression of the proteins into inclusion bodies. The oprM gene of Pseudomonas aeruginosa (PAO1 strain) was generated as an NdeI/XmaI fragment using polymerase chain reaction (PCR). The template DNA was extracted from plasmid pOM1 ''mexAB-oprM'' (Kohler et al., 1997) and primers of the PCR were 5 0 -GGAATTCCATATGAAACGGTCCTTCCTTTCC-3 0 for the forward and 5 0 -TCCCCCCGGGTCAGTGATGGTGATGGTGATGAGCCTGGGGATCTT CCTTCTTCGCGGTCTG-3 0 for the reverse.
OprM is heterologously expressed in a C43-DE3 E. coli strain (Miroux and Walker, 1996) with a C-terminal 6-histidine tag, the N-terminal extremity being dedicated to the membrane addressing (Nakajima et al., 2000) .
Cultures were grown at 37 C in LB medium containing 25 mg/ml chloramphenicol. Cells were induced at A 600 = 0.6-0.8 by the addition of 1 mM L-arabinose and grown for 2 hr at 30 C before centrifugation. The cell pellet was resuspended in 45 ml buffer containing 20 mM Tris-HCl (pH 8.0), 5 mM MgCl 2 , 1 ml/ml cocktail of anti-protease inhibitors set III (Calbiochem), and 50 U benzonase (Promega). Cells were broken by a French pressure cell at 69 MPa and then centrifuged twice for 30 min at 8500 g to remove the inclusions bodies and unbroken cells. The soluble fraction was applied on a sucrose step gradient (0.5 and 1.5 M) and then centrifuged for 3 hr at 200 000 g, 4 C.
The pellet, corresponding to the outer membrane fraction, was resuspended in a solution containing 20 mM Tris-HCl (pH 8.0), 10% glycerol (v/v), 2% n-octylbÀD-glucopyranoside (bOG) (w/v) (Sigma), then stirred overnight at 23 C. The solubilized membrane proteins were recovered by centrifugation for 30 min at 50 000 g and further loaded onto a Ni-NTA resin column pre-equilibrated in 20 mM Tris-HCl (pH 8.0), 200 mM NaCl, 10% glycerol (v/v), 0.9% bOG (w/v). The column was washed with the same buffer plus 10 mM imidazole. The protein was eluted by a linear gradient of imidazole (10 to 400 mM). The fractions containing the OprM protein, eluted between 100 to 250 mM imidazole, were desalted and concentrated up to 8 mg/ml by a 30 kDa cutoff Amicon system (Millipore). Imidazole was reduced to 30 mM through an overnight dialysis. Pure protein was obtained with a final yield of 5mg protein per liter of culture. All along the procedure, samples were analyzed on acrylamide gels electrophoresis (Laemmli, 1970) . As a final step, the protein samples were loaded with and without heating in order to reveal the different oligomeric forms of the protein that appeared as a trimer. The quality of the protein was also analyzed by western blotting using an anti-histidine antibody.
Crystallization and Data Collection
Crystals were grown by vapor diffusion with hanging drop method. As previously described (Broutin et al., 2005) , the first OprM crystals were obtained at 6 mg/ml in 100 mM sodium acetate (pH 4.5), 6% PEG 20 000 (w/v), 300 mM ammonium citrate, 25%-30% glycerol (v/v), and 0.9% bOG (w/v). Rhombohedral crystals (100 3 100 3 30 mm) belong to C2 space group and diffracted to 3.8 Å resolution. P2 1 2 1 2 1 crystals were obtained from a 4.4 mg/ml protein stock and a 1M sodium citrate (pH 5-6) precipitating solution. Among the hundreds of crystals tested, one diffracted to high resolution (2.4 Å ). A complete dataset was collected on beamline ID14-1 (ESRF, Grenoble) with an exposure time of 60 s per degree of oscillation.
Data Processing, Model Building, and Refinement Reflections were integrated, scaled and reduced using program XDS (Kabsch, 1993) and TRUNCATE from the CCP4 suite (CCP4, 1994). Our latest data set turned out to organize under P2 1 2 1 2 1 space group, different from the R32 obtained previously PDB code 1WP1) . Data collection statistics are summarized in Table 1 .
We have solved the structure of OprM by molecular replacement with PHASER (McCoy, 2007) in automatic mode, using a polyalanine backbone derived from the PDB code 1WP1 as search model. The structure was then modeled from the polyalanine backbone in the electron density map with O (Jones et al., 1991) and then COOT (Emsley and Cowtan, 2004 ) 31.6 a Values in brackets correspond to the highest-resolution shell. b R merge = S h S i jI(h) i -< I(h) > j / S h S i < I(h) >, where I(h) is the observed intensity. c R work = S hkl kF obs j À jF calc k / S hkl jF obs j. d R free was calculated for 7% of reflections randomly excluded from the refinement.
At first, refinements were conducted using maximum likelihood with CNS (Brü nger et al., 1998) . Side chains were introduced and a mask was computed around the protein using the module ''model_mask'' of CNS. Solvent flattening was performed after extending the mask manually along the region presumably occupied by the N-terminal palmityl. The last 13 C-terminal residues could not be assigned, probably because of a large flexibility.
The complete model was then subjected to refinement using REFMAC (Murshudov et al., 1997) . A total of 543 water molecules were located using ARP/WARP and verified manually using COOT. Na + or Cl -ions were added on the basis of hexa-or divalent coordination respectively. Validity of our model was checked using MolProbity (Davis et al., 2007) . Ramachandran diagram analysis reveals that 98.7% of the modeled residues are located in the most favored regions.
Normal Mode Analysis
Normal mode analysis is based on a harmonic approximation of the potential energy function. In NMA, the main step consists in diagonalizing the Hessian matrix. The resulting eigenvectors are the normal modes while the eigenvalues are related to the frequencies. The amplitude of motions are related to the frequencies and classically obtained from the equipartition theorem. In the present study, the potential energy is based on Tirion's model (Tirion, 1996) further improved by Hinsen (Hinsen, 1998) . In this model, springs connect pairs of atoms located below a chosen threshold distance (Rc cut-off). Springs stiffness is proportional to this distance. Calculations were performed on all-atom crystallographic structures, using the NOMAD-Ref web server (Lindahl et al., 2006) . Distance weight and Rc cut-off parameters have been set to 5 Å and 8 Å respectively. Comparing fluctuation profiles deduced from normal mode trajectories and experimental B-factors allowed us to assess parameters choice. Considering the crudeness of the potential energy model, only the ranking of the normal mode rather than its frequency value is discussed. As a consequence, instead of being deduced from the equipartition theorem, the amplitude of motions was chosen so that average rmsd in output trajectories was equal to 8 Å . The three-fold symmetry was not imposed but clearly identified by NMA, some modes being degenerated, i.e., with identical frequencies.
The strategy we used to construct the opened structure echoes previous work (Mouawad and Perahia, 1996; Gorba et al., 2008) . Indeed, Gorba et al. proposed a strategy that allowed constructing structures using a linear combination of few modes to target a structure compatible with low-resolution electron microscopy data. The coefficients of the combination are variables optimized to better fit the targeted data. In our case, an increase of the minimal pore radius and an overall rmsd between the initial and the final structure are the only targeted data because the final structure is unknown. Hence, we first identified ''productive'' modes, i.e., modes that supply a symmetrical motion and participate to enlargement of the pore, and a new structure was deduced from a weighted sum of these modes. In contrast to Gorba's work, no optimization of the coefficients was conducted (and was not necessary). Indeed, considering that all coefficients of the linear combination equal 0, except those corresponding to symmetrical motions allows generating an opened structure with a larger pore radius. The weighting scheme for the latter is simply proportional to the ratio of the frequencies of the respective modes.
In the case of TolC, a phase shift was applied to the second mode. The resulting structure was further regularized with few minimization steps in vacuo using Charmm force field with CNS software (Brü nger et al., 1998) , leading to a model of the open state.
Finally, a movie of a plausible transition between the initial crystal structure and the proposed open state of the porin was generated using a morphing method (Krebs and Gerstein, 2000) .
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